Various isoforms of myocyte enhancer factor-2 (MEF2) constitute a group of nuclear proteins found to play important roles in increasing types of cells. In neurons, MEF2s are required to regulate neuronal development, synaptic plasticity, as well as survival. MEF2s promote the survival of several types of neurons under different conditions. In cellular models, negative regulation of MEF2s by stress and toxic signals contributes to neuronal death. In contrast, enhancing MEF2 activity not only protects cultured primary neurons from death in vitro but also attenuates the loss of dopaminergic neurons in substantia nigra pars compacta in a 1-methyl 4phenyl 1,2,3,6-tetrahydropyridine mouse model of Parkinson's disease. In this work, the mechanisms of regulation of MEF2 function by several well-known neurotoxins and their implications in various neurodegenerative diseases are reviewed.
MEF2 Family of Transcription Factors
The myocyte enhancer factor-2 (MEF2) proteins are members of the MADS (MCM1agamous-deficiens-serum response factor) family of transcription factors (Naya and Olson, 1999) . A hallmark of MADS-box proteins is their combinational association with other MADS domain factors and additional heterologous classes of transcriptional regulators (Shore and Sharrocks, 1995) . Vertebrate MEF2 proteins are encoded by four genes (MEF2A, B, C, and D), each of which gives rise to alternatively spliced transcripts. The MEF2 isoforms are expressed in distinct, but overlapping patterns during embryogenesis and in adult tissues. Posttranslational modification is largely responsible for the function of MEF2 proteins (McKinsey et al., 2002) .
The first 56 amino acids at the N terminus, termed MADS-box, are the minimal region needed for DNA binding. The MADS box is a highly conserved structural motif involved in the regulation of homeotic fate, growth, and differentiation in many organisms. Adjacent to the MADS box is a 29 amino acid MEF2 domain that mediates high-affinity DNA binding and homo-and hetero-dimerization with other MEF2 proteins. The vertebrate MEF2 proteins share about 50% amino acid identity overall and about 95% similarity in the highly conserved MADS box and MEF2 domain (Heidenreich and Linseman, 2004) . MADS box proteins generally bind A/T rich DNA sequences, whereas MEF2 binds preferentially to the consensus sequence 5′-CC(A/T)(T/A)AAATAG-3′ (Andres et al., 1995) . The MADS box and MEF2 domain are necessary and sufficient for DNA binding but lack transcriptional activity on their own. The C-terminal portion of MEF2 proteins contains the transcriptional activation domain, as well as, a number of regulatory minidomains including a nuclear localization sequence and multiple phosphorylation motifs (Potthoff and Olson, 2007) . The C-terminus is subject to complex patterns of alternative splicing and has relatively low amino acid homology between the various MEF2 isoforms. The structural organization of MEF2 proteins allows them to receive and respond to multiple inputs from various intracellular signaling pathways. Thus, MEF2 activity is profoundly influenced by signals from the extracellular environment.
Functions of MEF2 Family of Transcription Factors
The MEF2 family of transcription factors is highly expressed in cells of muscle lineage, where they have been shown to be important regulators of gene expression during development of skeletal, cardiac, and smooth muscle (Naya and Olson, 1999) . In these tissues, MEF2 proteins interact with myogenic basic helix-loop-helix (bHLH) transcription factors such as Myo D to activate myogenesis (Molkentin and Olson, 1996) . In addition to their critical role in muscle development, MEF2 proteins are involved in adult cardiac hypertrophy (Kolodziejczyk et al., 1999) .
MEF2 proteins are also present in cells of the immune system where they mediate cell fate decisions. T-cell activation leads to MEF2-mediated transcriptional activation of Nur77, an orphan nuclear steroid receptor that activates apoptosis in these cells (Youn et al., 1999) . MEF2 binds directly to regulatory elements in the Nur77 gene and cooperates with NFAT to drive Nur77 expression (Youn et al., 2000) .
MEF2 proteins are highly enriched in neurons and exhibit distinct patterns of expression in different regions of the brain with highest levels in the cerebellum, cerebral cortex and hippocampus (Heidenreich and Linseman, 2004) . In neurons, MEF2 transcriptional activity is tightly regulated by extracellular stimuli. MEF2 can be activated by neurotrophin stimulation as well as calcium influx. MEF2 functions as a converging factor to regulate neuronal proliferation, differentiation, survival, as well as synapse development. Deregulation MEF2 activity had been associated with many neurodegenerative diseases, including Parkinson's disease (PD) and Alzheimer's disease (AD) (Burton et al., 2002; Smith et al., 2006) .
Regulation of MEF2 Transcription Factors by Neurotoxins

Regulation of MEF2 by excitotoxic insults
Following membrane depolarization of cultured cerebellar granule neurons (CGNs), an established in vitro model for studying activity-dependent neuronal survival, MEF2C was shown to be phosphorylated by p38 MPAK and promote neuronal survival . Neuronal activity was shown to activate Ca 2+ -dependent protein phosphatase calcineurin, which up-regulate MEF2 transcriptional activity (Mao and Wiedmann, 1999) . In contrast, lack of neuronal activity leads to hyperphosphorylation of MEF2 at unknown site(s), resulting in destabilization of MEF2 proteins. It was shown later that neurotoxicity causes cleavage of MEF2s by a caspase-dependent mechanism (Li et al., 2001) . Transfection of constitutively active form of MEF2 rescued MEF2 transcriptional activity after NMDA insult and prevents neuronal apoptosis. Additionally, similar MEF2 cleavage fragments were generated in vivo during focal stroke damage. Hence, this pathway appears to have pathophysiological relevance in vivo (Okamoto et al., 2002) . Using primary CGNs as a model, recent work by Gong et al revealed cyclin-dependent kinase 5 (Cdk5) as the first negative regulator of MEF2 (Gong et al., 2003) . It was demonstrated that neurotoxic signals activate Cdk5, which directly phosphorylates MEF2s at their transactivation domain, leading to their destabilization and inhibition of their activity. Subsequent studies by Tang et al showed that Cdk5 phosphorylation induces MEF2 destabilization by greatly enhancing caspase-dependent cleavage of MEF2A and D (Tang et al., 2005) . In contrast to MEF2A and D, MEF2C is not phosphorylated by Cdk5 after glutamate exposure and, therefore, resistant to glutamate-induced caspase-dependent degradation. Blocking Cdk5 or enhancing MEF2 activity reduced glutamate-induced apoptosis. These findings defined an important regulatory mechanism that for the first time linked pro-death activities of Cdk5 with caspase-dependent cleavage of MEF2 (Fig. 1 ). The convergence of Cdk5 phosphorylationdependent caspase-mediated degradation of nuclear survival factors exemplified by MEF2 may represent a general process applicable to the regulation of other survival factors under diverse excitotoxic conditions.
Regulation of MEF2 by MPTP and 6-OHDA
The mechanisms underlying dopamine neuron loss in Parkinson's disease (PD) are not clearly defined. Striatal dopamine depletion profoundly reduces the density of spines and corticostriatal glutamatergic synapses formed on D(2) dopamine receptor expressing striatopallidal medium spiny neurons. This spine pruning was dependent upon Ca2+ entry through Cav1.2 L-type Ca 2+ channels. Depolarization and MEF2 up-regulate the expression of two genes linked to synaptic remodeling, Nur77 and Arc. Taken together, these studies establish a framework within which striatal adaptations regulated by MEF2 activity is linked to the symptoms of PD (Tian et al., 2010) .
Several neurotoxins cause PD in animals. Crocker et al reported previously that calpains play a central role in dopamine loss after 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (MPTP) treatment (Crocker et al., 2003) . Recent work by Smith et al provided further evidence that Cdk5-mediated modulation of the transcription factor MEF2 is downstream of calpain. They found that MPTP activates Cdk5 by increasing calpain-dependnet conversion of the Cdk5 activator p35 to a pathogenic p25. Hyperactivation of Cdk5 was shown to phosphorylate MEF2D on Ser444 and inactivate it. This played a key role in the loss of dopaminergic neurons since MEF2D mutant resistant to Cdk5 phosphorylation protected these neurons from MPTP toxicity in mouse model of PD (Smith et al., 2006) .
Autophagy is an important process for maintaining cellular homeostasis. Deregulation of autophagy is associated with PD and other neurodegenerative diseases. Yang et al reported recently that chaperone-mediated autophagy (CMA) degrades MEF2s directly in neurons (Yang et al., 2009 ). This process is deregulated by 6-hydroxydopamine (6-OHDA) and MPTP, and in Parkinson's disease (Yang et al. unpublished data) , consistent with a recent report that MPTP deregulates autophagy (Dehay et al., 2010) (Fig. 1) .
Regulation of MEF2 by amyloid-beta peptide
Alzheimer's disease (AD) is characterized by the deposition of the amyloid-beta peptide (Aβ) in the brain, which is proteolytically cleaved from a large amyloid-beta precursor protein (APP) by beta-and gamma-secretases. Beta-APP cleaving enzyme (BACE1), a transmembrane aspartyl protease, has been recognized as the beta-secretase. The promoter region and 5′-untranslated region (UTR) of BACE1 contain multiple transcription factor binding sites, such as MEF2 binding site, suggesting that MEF2 activity may be associated with Aβ toxicity (Lahiri et al., 2006) . In addition, Dong et al showed that Aβ inhibits MEF2 activity in SN4741 cells. Inhibition of MEF2 activity by mature Aβ peptide is dosedependent and peptide length specific, and regulated by metal irons such as Cu 2+ and Zn 2+ (Dong et al., 2007) (Fig. 1) . Another recent study demonstrated that a polymorphism of the MEF2A gene is associated with increased risk of developing late-onset Alzheimer's disease (LOAD). Because MEF2 promotes neuronal survival while the P279L allele has been associated with a reduction in the transcriptional activation activity of MEF2A (Gonzalez et al., 2007) , the effect of this allele could be mediated through down-regulation of antiapoptotic activity of MEF2A.
In contrast to Aβ, Aβ precursor protein APP effectively protects against apoptosis of neuronal cells under stress. Burton et al reported that expression of wild-type human APP (hAPPwt) but not familial Alzheimer's disease mutant APP (FAD-hAPPmut) in APPdeficient rat B103 cells increases p38 MAPK-dependent phosphorylation and activation of MEF2. Furthermore, over-expression of dominant negative MEF2 in hAPPwt-expressing cells enhanced staurosporine-induced apoptosis while MEF2wt enhanced the capacity of hAPPwt to confer resistance to apoptosis (Fig. 1) . Thus, MEF2 plays a critical role in APPmediated neuroprotection (Burton et al., 2002) .
Regulation of MEF2 by 3-nitropropionic acid
The toxin 3-nitropropionic acid (3-NP) produced by certain plants and fungi is a specific inhibitor of succinate dehydrogenase (SDH), a mitochondrial complex II respiratory enzyme required for energy production. Its administration in vivo induces selective striatal pathology similar to that observed in Huntington's disease (HD), thus providing a useful experimental model for this disease (Brouillet et al., 1999) . In primary hippocampal neurons and rats, 3-NP activates calpain and Cdk5, and induces neuronal death. This correlated with a decrease in MEF2 level and activity (Fig. 1) . Thus, inhibition MEF2 function may underlie 3-NP induced neurotoxicity (Crespo-Biel et al., 2009; Crespo-Biel et al., 2007) .
Regulation of MEF2 by oxidative stress
Oxidative stress plays a central role in mediating the toxic effects of many neurotoxins (Roberts et al., 2009) . For example, MPTP, 6-OHDA, and dopamine have all been shown to induce cell death through generating excessive oxidative stress in cells (Blum et al., 2001) . To investigate whether oxidative stress may induce cell death through inhibition of MEF2, Gong et al treated cortical neurons with hydrogen peroxide and showed that hydrogen peroxide markedly increases nuclear and cytoplasmic Cdk5 kinase activity (Gong et al., 2003) . They identified the prosurvival transcription factor MEF2 as a direct nuclear target of Cdk5 and showed that Cdk5 phosphorylated MEF2D at Ser444 in its transactivation domain to inhibit MEF2 activity (Fig. 1) . MEF2 mutants resistant to Cdk5 phosphorylation restored MEF2 activity and protected primary neurons from Cdk5 and neurotoxin-induced apoptosis.
Regulation of MEF2 by addictive drugs
Abuse of addictive drugs has been a big burden for modern society. It is known that repeated exposure to cocaine increases dendritic spines on medium spiny neurons of the nucleus accumbens (NAc) and causes sensitized behavioral responses. Pulipparacharuvil et al found that cocaine regulates MEF2 transcription factors to control these two processes in vivo (Pulipparacharuvil et al., 2008) . It was shown that cocaine suppresses striatal MEF2 activity in part through a mechanism involving cAMP, the regulator of calmodulin signaling (RCS), and calcineurin. Reducing MEF2 activity in the NAc in vivo was required for the cocaineinduced increases in dendritic spine density, while surprisingly increasing MEF2 activity in the NAc enhanced sensitized behavioral responses to cocaine. Together, these findings implicate MEF2 as a key regulator of structural synapse plasticity and sensitized responses to cocaine and suggest that reducing MEF2 activity in NAc may be a compensatory mechanism to limit long-lasting maladaptive behavioral responses to cocaine.
A recent work showed that chronic ethanol feeding impairs MEF2 expression and is associated with glucose transporter 4 (GLUT4) decrease in rat myocardium. Ethanol reduced the mRNA and protein levels of MEF2A and 2D, reduced GLUT4 transcription, and elevated serum TNFα level. Taken together, chronic ethanol exposure decreased the expression of AMPKα and MEF2, and was associated with GLUT4 decline in rat myocardium (Chen et al., 2010) . It would be of great interest to test whether ethanol regulates MEF2 function in the brain.
One of the major functions of MEF2 in neuron is controlling the development of synapse. Several MEF2 targets are mutated in human neurological disorders resulted from synaptic defect including epilepsy and autism spectrum disorders, suggesting that these disorders may be caused by disruption of an activity-dependent gene program that controls synapse development (Flavell et al., 2008) . Fragile X syndrome (FXS), the most common genetic form of mental retardation and autism, is caused by loss-of-function mutations in an RNAbinding protein, fragile X mental retardation protein (FMRP). FMRP is required for synapse elimination by the activity-dependent transcription factor MEF2 (Pfeiffer et al., 2010) . In addition, MEF2C deficiency has also been associated with Rett syndrome, an autism-related disorder with severe defect in synapse development (Li et al., 2008) . It would important to determine whether neurotoxins affect synapse development through modulating MEF2 functions in the brain.
Perspective
The MEF2 family of transcription factors acts as effectors of diverse signaling pathways to regulate fundamental cellular processes in neurons. The function of MEF2 in neurons and its modulation by neurotoxins are just start to be revealed. Many areas remain unexplored. For instance, it is not clear if the regulatory mechanisms identified to control MEF2 in one cell type may also play an important role in another type of cell; if neurotoxins known to modulate MEF2 in neurons may also dysregulate MEF2s in other cellular systems; and if isoform-specific regulation of MEF2 by neurotoxins underlies some aspects of the pathologic processes in diseases. Answers to these questions will surely increase our understanding of MEF2 function in the nervous system. Pathways of regulation of MEF2 function by neurotoxins. Various neurotoxins modulate MEF2 activity through activating caspase and calpain/CDK5 pathways. H 2 O 2 , MPTP, 6-OHDA and 3-NP induce MEF2 oxidization through generating free radicals. Aβ, ethanol and cocaine modulate MEF2 activity through unidentified mechanism. APP enhances MEF2 function through p38MAPK pathway. O indicates oxidization; P indicates phosphorylation.
